Abstract: This study investigates the population density characteristics of the megafauna at two previously described chemosynthesis-based communities associated with cold seepage at the Off Hatsushima Island site (OHl) in Sagami Bay and hytlrothermalism at the Minami-Ensei Knoll (MEK) in the Okinawa Trough. Quantitative sampling was conducted using a submersible, ROV and Deep Tow Camera array near each community. A total of 26 and 27 megafaunal species were recorded at OHI and MEK, respectively. The dominant organism with respect to population density was the provannid snail Provanna glabra at OHI. This species also occurred at MEK, but it had a lower density than at OHL Instead, Cantrainea jamsteci was the dominant gastropod species at MEK. The community at MEK was dominated with respect to population density by the symbiont-containing mussel Bathymodiolus japonicus, but this species was not so common at OHI. The mean population densities of almost all megafaunal species, except for a few conspicuously predominant species at OHI and MEK, are similar to those for the dominant species in other deep-sea photosynthesis-based communities. Both sites were characterized by large populations of only a few dominant species (Provanna glabra, Calyptogena okutanii, and C. soyoae at OHI and Bathymodiolus japonicus at MEK). This pattern may be due to the extreme environments that occur near chemosynthesis-based communities.
INTRODUCTION
The advent of submersible research in the deep sea has revealed the existence of deep-sea chemosynthesis-based communities (i.e., hydrothermal-vent and cold-seep communities) in various locations around the world, including along spreading axes, rift systems, plate convergence zones and hydrocarbon seep areas (see reviews by Sibuet & Olu 1998; Tunnicliffe et al. 1998; Van Dover 2000) . To understand the community structure of Received March 24, 2002: Accepted May 14, 2002 * Corresponding author. E-mail: fujikura@jamstec.go.jp chemosynthesis-based communities, quantitative analyses have estimated the population density or biomass of the dominant megafauna, particularly symbiontcontaining species. These analyses have been done for the Louisiana Slope (MacDonald et al. 1990 ), the Peruvian active margin (Olu et al. 1996a) , the southern Barbados prism (Olu et al. 1996b (Olu et al. , 1997 ) and the Juan de Fuca Ridge (Grahan & Juniper 1996) . Recently, the population density and biomass of non-symbiontcoritaining species, such as polychaetes, gastropods and crustaceans have been estimated at the Juan de Fuca (Sarrazin & Juniper 1999 ) and the Mid-Atlantic Ridges (Gebruketal. 2000) .
In Japanese waters, there are many cold-seep communities, including those in the Japan Trench, the Nankai Trough, Suruga Bay and Sagami Bay, and many hydrothermal-vent communities, including those in the Okinawa Trough and the Ogasawara (Bonin) Islands area (see reviews by Fujikura 1997; Kojima 2002) , After the discovery of a cold-seep community at the Off Hatsushima Island site (OHI) in Sagami Bay (Okutani & Egawa 1985) and a hydrothermal-vent community at the Minami-Ensei Knoll (MEK) field in the Okinawa Trough (Hashimoto et al. 1995a) , the taxonomy of megafaunal species (Miura 1988; Miura & Hashimoto 1991a , 1991b Okutani et al. , 1993 Hashimoto & Okutani 1994; Kojima & Ohta 1997; Machida & Hashimoto 1999; Kojima et al. 2000; Kikuchi & Hashimoto 2000) and the geochemistry of habitats Masuzawa et al. 1992; Hashimoto et al 1995b; Tsunogai et al. 1996) at these two sites have been well studied. However there have been few quantitative analyses of chemosynthesis-based megafauna in Japan. Fujikura et al. (1995) MEK, but since the publication of that study, our knowledge of the taxonomy and ecology of these communities has progressed. The purpose of the present study is to present new estimates of population densities at OHI and MEK based on this new knowledge.
MATERIALS AND METHODS

Survey fields and diving surveys
The locations and contour maps of the survey areas are shown in Fig. 1 . The ocean floor of Sagami Bay is divided into two oceanic plates by a plate boundary. The western part is on the Philippine Sea Plate, and the eastern part is on the North American Plate. The cold-seep community at OHI is situated on the Philippine Sea Plate. The source of fluid seepage at OHI is thought to be a mixture of seawater, pore water and freshwater (Tsunogai et al. 1996) . The hydrothermal vent community at MEK is situated on a back-arc basin in the northern part of the Okinawa Trough under extensional stress caused by tectonic activity (Kimura et al. 1988) . Isotopic ratios of dissolved gasses (C0 2 and H 2 S) in hydrothermal fluids imply a magmatic origin (Chiba et al. 1993 ).
The cold-seep community at OHI was concentrated near 1170 m depth, and the total community field area was 2146.5 m 2 . The seafloor was covered mainly by mud and small clasts. Orange deposits covered approximately 100 m 2 . Naganuma et al. (1999) suggested these orange deposits have high bacterial activity, and Tsunogai et al. (1996) showed that temperatures are more than 10°C higher below the orange seabed than in ambient water. Black layers in the sediment indicative of a reducing environment were attributed to anaerobic bacterial activity.
At MEK, the observed field was 546 m 2 in area and ranged from 600 -740 m in depth. The MEK was a typical hydrothermal-vent field covered by volcanic rocks and slabs of hydrothermal precipitates. Some chimneys were distributed over the seafloor. Water temperature from the vent chimneys was over 270'C. Coarse volcanic sand and debris surrounded the chimneys. One previous report on the faunal composition and micro-scale distributions at MEK by Hashimoto et al. (1995a) 
Analytical methods
Biological samples were collected either directly using manipulators or with scoop samplers attached to the manipulators of the submersible. These samples were partially sorted and fixed in 10% buffered formaldehydeseawater solution onboard ship. Megafaunal species were identified both from samples and photographs. Mean population density was estimated for the dominant species. We assumed that the population density of each species did not fluctuate during the study period. Total numbers of individuals were directly counted from photographs. Calyptogena soyoae and C. okutanii could not be reliably identified to species level using only photographs. This was also true for Bathymodiolus japonicus, B. platifrons and B. aduloides. When coldseep communities were first discovered at OHI, Calyptogena was treated as a single species, C. soyoae (Okutani & Egawa 1985; Ohta et al. 1987; Hashimoto et al. 1989 ). However, molecular and detailed morphological analyses have also identified a sibling species, C. okutanii (Kojima & Ohta 1997) . The mean surface area covered by each photograph was estimated to be approximately 1.5 m 2 based on the dimensions of known objects such as the manipulators and sample baskets of the submersibles, and the chain of the Deep Tow Camera array. The field area of the chemosynthesis-based community at each field was determined using photographs of species observed in every frame. The number of photographs that contained species in the frame was 1,431 at OHI and 364 at MEK. Mean population density (D) was roughly estimated by the following formula:
where n and JC Z -are the photograph number and the number of individuals in the frame, respectively. The maximum population density of species was calculated from the photograph with the highest number of specimens. In the case of small, parasitic or deeply buried animals, population densities could not be estimated because these animals could not be counted from photographs.
RESULTS
Off Hatsushima Island site (OHI)
Twenty-six megafaunal species occurred at this site ( Table 2 ). The provannid snail Provanna glabra was the most abundant megafaunal species with respect to mean population density. Relatively high densities of two vesicomyid clams, Calyptogena okutanii and C. soyoae, and a conid whelk, Oenopota sagamiana, were also observed (Table 2) . P. glabra was distributed most widely and crept over hard substrata including the shell surfaces of Calyptogena and Bathymodiolus bivalves, rock outcrops, and sediments (Fig. 2a, c) . The maximum population density of P. glabra recorded was 1073 inds./ m 2 . Live Calyptogena clams formed densely clustered beds among thick sediments, and these clusters ranged in size from a few to over 100 m 2 (Fig. 2a) . Beds of empty clam shells were also observed in and around the liveclam beds. Calyptogena clams occurred sparsely over the orange areas of the seabed. Locally, the maximum population density of the integrated Calyptogena species (C. soyoae and C. okutanii) recorded was 352 inds./m 2 . A high population density of the conid whelk Oenopota sagamiana was observed concentrated over the orange areas of the seabed (Fig. 2b) . No specimens were observed in any other habitat. Another conid whelk, Phymorhynchus buccinoides, was also limited in its distribution, aggregating on the shell surfaces of Bathymodiolus mussels and on outcrops over the orange areas (Fig. 2c) Calyptogena clams. Lower population densities of two Bathymodiolus species, B. platifrons and B. japonicus, were found attached via their byssi to rock outcrops. Live mussels formed densely clustered beds of a few square meters in area. These mussels were confined to only three rock outcrops in the field. usually buried approximately 20 cm below the sediment surface. The commensal polychaete worm Shinkai sagamiensis was collected from within the mantle cavity of C. soyoae and C. okutanii. Another commensal polychaete, Natsushima bifurcata, was collected from within A. johnsoni. An unidentified nautiliniellid species was found from within the mantle cavity of Conchocele disjuncta (T. Miura, personal communication). Two species of polychaetes, Protomystides hatsushimaensis and Nicomache ohtai, were occasionally collected from sediments in the Calyptogena beds. Three crustacean species (an unidentified Neolepas barnacle, Alvinocaris longirostris and Lebbeus sp.) occurred on one rock outcrop surface covered with grayish-white deposits. The population densities of these deep-buried clams, polychaete worms and crustaceans could not be estimated.
Buccinid whelks, Buccinum soyomaruae and Neptunea acutispiralis, and an anomuran crab, 
Minami-Ensei Knoll (MEK)
A total of 27 benthic species were recorded here ( Table  2) . The integrated population density of two Bathymodiolus mussel species, B. japonicus and B. aduloides, was very high (Table 2) . Locally, the maximum population density values for these mussels reached 644 inds./m 2 . These mussels formed dense aggregations and were found attached via their byssi to rock outcrops in the vicinity of the vents. The population density of B. japonicus was probably larger than that of B. aduloides, because the ratio between B. japonicus and B. aduloides from collected specimens was 13:2. The turbinid snail Cantrainea jamsteci also occurred at relatively high densities. C. jamsteci crawled over the shell surfaces of Bathymodiolus mussels and was especially concentrated near filamentous bacterial mat areas on the sediments (Fig. 2d) . The maximum population density of C. jamsteci was 127 inds./m 2 . Two species of limpets, Bathyacmaea secunda and Lepetodorilus japonicus, and four species of crustaceans, Alvinocaris leurokolos, Lehbeus washingtonianus, Paralomis jamsteci and Shinkaia crosnieri, were commonly found on and within the Bathymodiolus aggregations, and these population densities ranged from 0.3 to 2.8 inds./m 2 (Table 2) . Two species of bivalve, Calyptogena solidissima and Bathymodiolus sp., formed aggregates in the coarse sediments. Provanna glabra, which was the dominant species at OHI, was present at much lower population densities, approximately 1/3000 of those at OHI. P. glabra crawled over the shell surfaces of Bathymodiolus mussels.
Population densities of the primitive barnacle Neolepas sp., the limpet Puncturella parvinobilis, and four commensal polychaete species, Mytilidiphila okinawaensis, M. enseiensis, Brachipolynoe pettiboneae and Shinkai sp., could not be determined because the number of individuals could not be counted in the photographs. Only six specimens of Neolepas sp. were collected from the shell surfaces of C. solidissima and only four specimens of P. parvinobilis occurred on the shell surfaces of Bathymodiolus mussels. The commensal polychaetes Mytilidiphila okinawaensis and Brachipolynoe pettiboneae were collected from within the mantle cavities of Bathymodiolus japonicus and/or B. aduloides. Another commensal polychaete, Mytilidiphila enseiensis, was found within the mantle cavity of an undescribed Bathymodiolus species buried in sediments.
Thirty-seven specimens of M. enseiensis were found in 3 specimens of the undescribed Bathymodiolus species. The nautiliniellid polychaete Shinkai sp. has been observed in the mantle cavity of Calyptogena solidissima (T. Miura, personal communication).
DISCUSSION
Deep-sea chemosynthesis-based communities are considered widely to have richer concentrations of biomass and higher densities of megafauna than other deep-sea areas (Gage & Tyler 1991) . The mean population densities of Provanna glabra, Calyptogena soyoae and C. okutanii at OHI, and of Bathymodiolus japonicus at MEK were very high, with values greater than 10 inds./m 2 (Table 2) .
However, other megafaunal species occurred at densities from 0.1 to 8.2 inds./m 2 . Ohta (1983) estimated the mean population densities of benthic animals from photosynthetically-based communities between 950 and 1340 m depth in Suruga Bay based on photographs taken by an underwater camera unit. Mean population densities of the holothurian Peniagone japonica were conspicuously higher (7.9 inds./m 2 ) than those of other benthic megafauna (less than 0.1 inds./m 2 ). According to data from the U.S. crewed submersible Alvin during surveys of the continental slope south of New England from 500 to 1800 m depth, almost all megafaunal species occurred at low population densities of less than 0.02 inds./m 2 However, three megafaunal species (the sea urchin Echinus affinis, a cerianthid sea anemone, and the brittle star Ophiomusium lymani) were present at high density values of 0.3, 0.8 and 2.4 inds./m 2 , respectively (Grassle et al. 1975) . Except for a few predominant species at OHI and MEK, almost all of the megafaunal species at these two chemosynthesis-based communities had similar population density values to the dominant species in deep-sea photosynthetically-based communities at similar depth.
The most dominant animal with respect to population density was Provanna glabra at OHI (Table 2) . At MEK, P. glabra was not abundant, however, the gastropod Cantrainea jamsteci was present at relatively high population densities. P. glabra has a taenioglossate radula indicative of omnivory and/or scavenging. In contrast with P. glabra, C. jamsteci is a so-called "specialist" grazer based on its rhipidoglossate radula (Okutani & Fujikura 1990 ). Bacterial mats and films are formed on the surfaces of substrata such as debris, rocks and the shells of Bathymodiolus mussels. C. jamsteci was concentrated & Juniper, 1999 Sarrazin & Juniper, 1999 Olu et al., 1996a Olu et al., 1997 Grahan & Juniper, 1996 Gebruk et al., 2000 Olu et al., 1996b Olu et al., 1996b MacDonald et al., 1990 Gebruk et al,. 2000 near the filamentous bacterial mat areas on sediments and along the shell surfaces of Bathymodiolus mussels where filamentous bacteria also occur. This suggests that chemosynthetic bacteria provide an important food source for C. jamsteci. The conid whelk Oenopota sagamiana had a relatively high population density at OHI and was concentrated over the orange areas of the seabed. The radula of O. sagamiana is toxoglossate . Generally, the feeding habits of gastropods with this radula type are carnivorous. Based on observation of the gill tissue of this whelk, however, Endow et al. (1992) suggested that it performs intracellular digestion of material filtered from ambient water. We have no data on the relationship between feeding habits and the orange-colored deposits.
Bathymodiolus japonicus contains symbionts that are associated with methanotrophic bacteria, and thus the distribution of B, japonicus is strongly influenced by the methane concentration in vent and seep areas . The community at MEK was dominated by B. japonicus with respect to population density, but this mussel was not as common at OHI. The methane concentration ranged from 0.029 to 2.5 mmol/kg above the seabed at OHI (Tsunogai et al. 1996) , and from 2.63 to 7.0 mmoles/kg at MEK (Chiba et al. 1993) . The higher methane levels at MEK may support the higher population densities of B. japonicus.
Megafaunal population densities at other chemosynthesis-based communities are listed in , respectively. These values are higher than those from other community fields, such as at the Peruvian active margin, the Barbados accretionary prism, the Middle Valley in the Juan de Fuca Ridge and the Logatchev area in the Mid-Atlantic Ridge. Henry et al. (1992) , Lallemant et al. (1994) and Sibuet & Olu (1998) suggested that biological production at cold seeps is related to the intensity of the fluid flux from the sea bottom. Calyptogena clams contain intracellular symbiotic chemoautotrophic sulfuroxidizing bacteria in their gills (Nelson & Fisher 1995) . At cold-seep fields, hydrogen sulfide in the pore water of sediments is produced by sulfate reducers (bacteria) using the sulfate from overlying bottom water and methane (presumably of microbial origin) (Masuzawa et al. 1992) . Concentrations of hydrogen sulfide ranging from 0.05 to 0.6 mmol/kg are suitable for C. soyoae, and concentrations over 1 mmol/kg are detrimental (Hashimoto et al. 1995b) . Methane flux of fluid seepage was estimated at less than 10 l2±l mol/year at OHI by geochemical analysis (Tsunogai et al. 1996) . To understand the factors controlling population densities of C. soyoae, it is important to accumulate data on the methane flux and production of hydrogen sulfide by sulfate reducers.
A few species conspicuously predominated in abundance during the present study; they involved Provanna glabra, Calyptogena okutanii, and C. soyoae at OHI, and Bathymodiolus japonicus at MEK. Whittaker (1975) suggested that conspicuously large populations of only a few species are characteristics of biological communities under severe environmental conditions. This is the case for chemosynthesis-based communities, since these are sites where hydrogen sulfide, methane, heavy metal concentrations, and extreme fluctuations in water temperature (particularly at hydrothermal-vent fields) occur (Lalou & Brichet 1982; Juniper & Sibuet 1987; Tunnicliffe et al. 1990; Lutz & Kennish, 1993; Massoth et al. 1994) . The conspicuousness of only a few megafaunal species may reflect the severe environment at chemosynthesis-based community fields.
